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• Portable air collector with gelatin filter
is adequate to capture SARS-CoV-2 RNA.

• SARS-CoV-2 RNA detection was per-
formed using RT-PCR.

• Viral RNA was detected in air and
surfaces of households with positive
patients.

• Effectiveness of PACs to remove air-
borne SARS-CoV-2 was tested.

• Use of PAC is advisable in poorly
ventilated places, considering their
limitations.
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The transmission of SARS-CoV-2 virus through aerosols has become an outstanding issue,where plenty of spread
aspects are being analyzed. Portable Air Cleaners (PAC) with high-efficiency particulate air (HEPA) filters have
been discussed as an adjunctive means for indoor environments coronavirus decontamination. This study eval-
uates, first, the air and surfaces SARS-COV-2 RNA contamination due to positive patients in households, and sec-
ond, the efficiency of a PACwithHEPAfilter to eliminate virus. A total of 29 air and surface sampleswere collected
inside 9 households, by using an air portable collector with gelatin filters and swabs. SARS-CoV-2 RNA detection
was performedusing real-time reverse transcription polymerase chain reaction (RT-PCR). Overall, all the air sam-
ples collected before using PAC and 75% of swab samples were positive for SARS-CoV-2. After the PAC usage, all
samples except one were negative, displaying a 80% device effectiveness. Portable HEPA cleaners usage allowed
the removal of SARS CoV-2 and, therefore, they could be recommended for places with inadequate ventilation,
considering the limitations and functionality of the device.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a newly
emerging virus that was first reported in Wuhan (China) in
December 2019. SARS-CoV-2 is a positive-sense single-stranded
RNA virus, contagious in humans, that has caused an unprecedented
.V. This is an open access article und
public health emergency worldwide (WHO, 2021a). Most people
infected by SARS-CoV-2, develop only mild (40%) or moderate
(40%) disease, but approximately 15% of them suffer from severe dis-
ease requiring oxygen support, and 5% have critical disease with
complications such as respiratory failure, acute respiratory distress
syndrome, sepsis and septic shock, thromboembolism, and/or
multiorgan failure, including acute kidney injury and cardiac injury
(TNCPERET, 2020).

The first epidemiological and virological studies suggested that
transmission occurred mainly by person-to-person contact, through
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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respiratory droplets, also called flügge droplets (larger drops emitted by
coughing, sneezing, or talking), or by contactwith contaminated objects
and surfaces (Burke et al., 2020; Lauer et al., 2020; Liu et al., 2020; Ong
et al., 2020; Somsen et al., 2020). Subsequently, it was shown that, in
closed and poorly ventilated spaces, the predominant route of infection
was through aerosols (particles smaller than 1 mm of diameter) con-
taining viable viral particles, generated by infected people (Prather
et al., 2020; Qian et al., 2020; van Doremalen et al., 2020; Arslana
et al., 2020). For this reason, theWHO(2021b) issued recommendations
to prevent contagion, including the use of face masks, physical distanc-
ing, avoiding crowds and an adequate ventilation of indoor spaces.
Regarding this last recommendation, both natural and mechanical
methods can be used in order to get indoor ventilation. Various air pu-
rifying/cleaning technologies can exist as part of a building's central
heating, ventilation, and air conditioning (HVAC) system. When it is
not possible to achieve an optimal ventilation rate in a specific indoor
environment, the use of Portable Air Cleaners (PACs) carrying high-
efficiency particulate air (HEPA) filters could be considered. For a PAC
to be effective at removing viruses from indoor air, the unit should
have the ability to remove small airborne particles, in the range of 0.1
to 1 μm of diameter, although larger droplets may also carry viruses
(EPA, 2019).

No direct scientific evidence exists demonstrating the effective-
ness of PACs in reducing COVID-19 transmission, and the precise
role of HEPA filtration, in preventing infectious diseases is unclear
(ECDC, 2020). However, it has been demonstrated that PACs with
HEPA filters reduce aerosol concentration and accelerate their
removal in rooms with low ventilation rates (Zhao et al., 2020a;
Ren et al., 2021). Moreover, the Centers for Disease Control and
Prevention (CDC) suggested the use of portable HEPA purifiers as
an adjunctive infection control strategy for SARS-CoV-1, the causa-
tive agent of the 2003 SARS outbreak (CDC, 2005). Therefore, these
devices could also be considered as a complementary airborne
SARS-COV-2 elimination procedure (Christopherson et al., 2020;
Zhao et al., 2020b), in addition to an overall improvement indoor
air quality contributor.

In order to clarify these aspects, both the optimization of amethod to
detect the presence of COVID-19 RNA in indoor air, and a subsequent
study to determine the effectiveness of a PAC with HEPA filter were
carried out. For the first of the objectives, indoor air of households
inhabited by a Covid-19 positive patient was sampled by using a MD8
Airport (Sartorius) collector with gelatin filters. In parallel, sampling of
different surfaces in the same rooms was carried out by using sterile
pre-moistened swabs with a specific virus preservation solution.
Analysis of viral RNA from both types of samples was carried out by
real-time RT-PCR and once optimized this method, the effectiveness of
a PAC with HEPA filter was assessed by viral RNA presence detection
before and after cleaner usage.
Table 1
Summary of patients and sampling information.

Room Age Air
sampling

Surface
sampling

Symptoms in
sampling day

Severity of the
illnessa

Diagno
PCR te

A 28 Yes No Headache, fatigue, loss of
smell and taste

Severe Yes

B 21 Yes Yes Sore throat, fatigue Mild Yes
C 60 Yes No No symptoms Mild Yes
D 54 Yes No Cough, fever, fatigue Very severe Yes
E 35 Yes No Cough, fever, fatigue Mild Yes
F 75 Yes Yes Control = No symptoms No
G 44 Yes Yes Control = No symptoms No
H 46 Yes No Fever, fatigue Mild Yes
I 48 Yes No Headache, fatigue, loss of

smell and taste
Mild Yes

a Medical diagnostic.
b Number of days since the date of clinical diagnosis to the sampling day.
c PM concentrations after the PAC usage.

2

2. Material and methods

2.1. Sampling

We conducted the present study in January 2021, during the third
wave pandemic peak over Spain (https://cnecovid.isciii.es/). Sampling
was carried out in several households, located in different towns in To-
ledo province (region in the center of Spain). All households had natural
ventilation, but they were inadequately ventilated, due to heating was
on andwindows and doors closure. In someof them, oneCOVID-19 pos-
itive PCR test patient was confined, and others were inhabited by
healthy people, which were considered as negative controls. A total
number of 13 swabs and 16 air samples were collected and analyzed
(Table 1).

The air samples were collected by using anMD8 Airport Portable Air
collector (Sartorius AG, GottingenGermany)with gelatinmembranefil-
ters (80 mm of diameter). Each aspiration cycle with a 50 L/min flow,
lasted 20 min; being 1 m3 the total sampled volume. For sampling,
the collector was positioned 1.5 m above the floor and 2 m far from
the room occupant, who was not wearing a mask, in order to recover
the ambient aerosols instead of the direct emitted drops. During sam-
pling only one person was at the room whose dimensions are detailed
in Table 1.

The same day and after the first sampling, one PAC with HEPA filter
(Dyson, Pure Hot+Cool™) was placed in the center of the room, ensur-
ing unobstructed airflow. This device automatically measured tempera-
ture, relative humidity (R.H.) and particles in suspension (PM2.5 and
PM10) reporting about them in real time. Manufacturer information in-
dicates that the HEPA filter captures 99.95% of particles down to 0.1 μm.
Gases, such as NO2 and volatile organic compounds, are captured by an
active carbon filter. Then, it projects purified air with Air Multiplier ™
technology, with a clean air delivery rate of 290 L/s, oscillating up to
360° to project purified air throughout the room. According tomanufac-
turer's recommendations, its effectiveness is optimal in spaces of up to
27 m2 (82 m3). The air samples for real-time RT-PCR analysis were
taken again when PM2.5 and PM10 concentrations were between 5 and
7 μg/m3, as indicated by the PAC, and never below 1 h of operating.
These concentrationswere lower than the levels established by Spanish
legislation for PM2.5 (<20 μg/m3) (RD102/2011) or the value recom-
mended by the WHO (2015) (10 μg/m3).

In addition, sampling of potentially contaminated surfaces and ob-
jects existing in the room, such as TV's remote control, doorknob, mo-
bile phone, different switches and furniture, was carried out by using
sterile pre-moistened swabs with a specific virus preservation solution
(Citoswab, UK).

Both, the gelatin filters and the swabs, were transported
refrigerated to the laboratory and stored frozen at −80 °C until
processing.
sis by
st

Daysb Use of
PAC

Room size
(m2)

T
(°C)

R.H.
(%)

PM2.5
c (μg/m3) PM10

c (μg/m3)

5 Yes 15 21 60 5 6

3 Yes 16 23 48 5 5
5 Yes 60 22 50 6 7
2 Yes 13 22 47 5 6
3 Yes 27 22 58 6 6

Yes 22 23 44 6 7
Yes 17 21 48 5 5

5 No 22
47 No 16

https://cnecovid.isciii.es/
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Fig. 1.Real-time RT-PCR results for the three pairs of primers ( RdPR, S and N). a) Air
samplings in the rooms; *corresponds to values from samples taken after using the PAC.
b) Surface samplings. Black line indicates values of Ct ≤ 41, which means positive real-
time RT-PCR (Fernández de Mera et al., 2020).
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2.2. Laboratory procedures

Once in the laboratory, the gelatin filters were dissolved in 4 mL of
diethyl pyrocarbonate-water, centrifuged at 3000 ×g for 5 min and in-
cubated at 37 °C for 10 min to dissolve the gelatin, following the manu-
facturer's instructions. Viral RNA was extracted from 150 μL of the
solution obtained from gelatin filters and, in the case of the swab,
from the same quantity of the virus preservation solution, by using
the NucleoSpin RNA Virus kit (Macherey-Nagel, Düren, Germany)
according to the manufacturer's instructions. Quality control of this
kit, as informed by the manufacturer, included testing of the columns
with rRNA and MS2 phage RNA, as well as absence of RNases and
yield and efficiency of purification, at both by real-time RT-PCR. RNA
concentration and purity were determined with a NanoDrop spectro-
photometer (Biotek, Synergy HT, USA) by calculating the ratio of the
optical densities obtained at the wavelengths of 260/280 and 260/230
nm, respectively. Complementary DNA (cDNA) was synthesized from
1 μg of DNase-treated RNA and detection of SARS-CoV-2 RNA was
carried out by real-time RT-PCR targeting the Nucleocapsid (N), the
Spike (S) and the RNA-dependent RNA polymerase gene (RdRP),
using the primers described in Table 2. The positive control for real-
time RT-PCR was an in vitro transcribed RNA derived from the strain
BetaCoV_Wuhan_WIV04_2019 (EPI_ISL_402124), kindly given by
Gortazar's group (Fernández de Mera et al., 2020). RNAse free water
was used as a negative control. Real time RT-PCR was performed by
using an ABI PRISM 7500 Fast Sequence Detection System instrument
and software (Applied Biosystem, Foster City, CA). The real-time RT-
PCR was performed under thermal cycling conditions consisting of an
initial 1 min denaturation at 50 °C and 10 min of further denaturation
at 95 °C, followed by 50 cycles of 15 s of denaturation at 95 °C and
60 s of annealing/extension at 60 °C. The result was considered positive
when the Cycle threshold (Ct) value was ≤41 (Fernández de Mera et al.,
2020). SYBR-Green One-Step real time PCRMasterMix (Thermo Fisher)
was used in the assays, which, as informed by the manufacturer, pre-
sents high sensitivity, with a limit of detection as low as 2 copies of tar-
get; high reproducibility and high specificity, minimizing primer-dimer
formation and nonspecific amplification. Primers were supplied by
Sigma-Merck.

3. Results and discussion

The RNA extraction procedure was successful for all the sam-
ples, being the values for RNA concentration between 84.1 and
101.2 ng/μL. Results for SARS-CoV-2 obtained from real-time RT-
PCR analysis of air samples, both before and after using of PAC
with HEPA filter, are shown in Fig. 1a. Ct values ranged from 30.8
to 39.2 when RdPR primers were used, from 33.2 to 38.6 with S
primers and from 30.3 to 37.4 with N primers. Therefore, all the
air samples, collected by using the MD8 Airport Portable Air Collec-
tor (Sartorius) and gelatin filters previously to use the PAC with
HEPA filter (Dyson), from households inhabited by COVID patients,
were positive for SARS-CoV-2. The same procedure for air sampling
had been tested with good results in COVID-19 isolation ward of
hospitals in Italy and China (Razzini et al., 2020; Chen et al.,
2020), but in our case the air volume sampled was smaller, only
1 m3 compared to the 2 or 3 m3 sampled by the other authors.

When the samples taken from the surfaces of households inhabited
by COVID patients were analyzed, all except one, were positive for
Table 2
List of primers used for real time RT-PCR and amplified fragment sizes in base pairs (Pa

Target gene Forward primer (5′-3′)

RdPR AGAATAGAGCTCGCACCGTA
S GCTGGTGCTGCAGCTTATTA
N CAATGCTGCAATCGTGCTAC

3

SARS-CoV-2 with Ct values ranging between 32.1 and 39.4 for the
three pairs of primers used (Fig. 1b).

On the other hand, both air and surface samples taken in households
without any infected people (rooms F and G in Table 1) were negative
for SARS-CoV-2, confirming the method's validity (Fig. 1a and b).
These results support the idea of an important spread of SARS-CoV-2
through aerosols and point out the need of find systems to eliminate
the virus in this medium.

For this purpose, we checked the effectiveness of the PACwith HEPA
filter (Dyson), which captures particles down to 0.1 μm, to remove air-
borne SARS-CoV-2. Table 1 details PM2.5, PM10, temperature and R.H.
values in the air, measured after using of the PAC at each of the rooms
sampled.When air samples taken after using the cleaner were analyzed
for SARS-CoV-2, all except one were negative, displaying an effective-
ness of 80%. It is worth highlighting that the PAC was not effective in
the room C, with a size larger than the recommended by the device
(27 m2), although the operating time was longer than in other rooms
(>2h). However, in the roomof the patient E, whose sizewas in the rec-
ommended limit, the concentration of particles in the air reduced after
2 h of cleaning, and the result from real-time RT-PCR analysis was neg-
ative. These facts show the importance of following the manufacturer's
recommendations, using as many devices as necessary, according to
their filtration capacity and the size of the room.
rk et al., 2020).

Reverse primer (5′-3′) Size (pb)

CTCCTCTAGTGGCGGCTATT 101
AGGGTCAAGTGCACAGTCTA 107
GTTGCGACTACGTGATGAGG 117



M. Rodríguez, M.L. Palop, S. Seseña et al. Science of the Total Environment 785 (2021) 147300
In summary, to our knowledge, this is the first study reporting the
analyses of the presence of SARS-CoV-2 in the air of households
inhabited by COVID patients. The method used for the detection of the
viral RNA, showed good results, confirming its validity, even with low
sampled air volume. In addition, we have studied the effectiveness of
a PAC with HEPA filter to remove airborne SARS-CoV-2, finding also
good results when the room size sampled follows to themanufacturer's
recommendations. In this sense, the PACs may be especially useful in
places where infected and healthy people live together and the com-
plete isolation of the sick people is difficult, compromising the health
of the rest of the inhabitants of the household.

The use of these devices in schools, offices, and commercial build-
ings, to complement existing HVAC systems, should be considered, par-
ticularly in areas where adequate ventilation is difficult to achieve.
Therefore, PACs utilization for SARS-CoV-2 elimination may be useful
as an adjunctive infection control measure, but it should be undertaken
having in mind functionality and limitations of both PACs and HEPA fil-
ters. In this sense, it is important to know that factors such as the accu-
mulation of particles in the filter, its possible clogging, or the age of the
device, can affect the effectiveness of the PAC. Because of it, and when
usedwith this objective, it will be advisable to replace or clean thefilters
with a higher frequency than that for ordinary use (Zhao et al., 2020b).

Another important aspect to be considered is to ensure the correct
handling and disposal of HEPA filters after their lifetime. Accumulation
of viruses onfilters could represent a real risk of environmental contam-
ination, so that whenever air purifiers are used, filters should be col-
lected and disposed as medical waste or disinfected thoroughly to
prevent secondary contamination (Zhao et al., 2020b).

4. Conclusions

This study has reported interesting findings about presence of SARS-
CoV-2 in households inhabited by COVID patients and about the real ef-
fectiveness of a PACwith HEPA filter to terminate it. It is very important
to consider the room size recommendations usage where PACs are
going to be installed in order to get the proposed objective.

Authors are aware of the limitations of this preliminary study,
because of the small sample size and only one PAC testing, but the re-
sults have been highly promising. For this reason, a further study should
analyze a higher number of samples from different origins, such as
health-care settings, schools, etc. Such additional research should con-
sider new and assorted mitigation strategies, such as PACs based on
different types of filtration systems (HEPA filters, positively charged
polyvinylidene fluoride (PVDF) nanofiber filter to electrostatic capture
of particle, etc.), HVAC with efficient filtration systems, or the decon-
tamination of air using UVC and/or ozone. Carrying out of such larger
scale studies is crucial to end with the current negative consequences
of the world pandemic.
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